Abstract Plantations are established for a variety of reasons including wood production, soil and water conservation, and more recently, carbon sequestration. The effect of this growing land-use change on biodiversity, however, is poorly understood and considerable debate exists as to whether plantations are 'green deserts' or valuable habitat for indigenous flora and fauna. This paper synthesizes peer-reviewed articles that provide quantitative data on plant species richness in plantations and paired land uses, most often representative of preplantation land cover. The results of this synthesis suggest that the value of plantations for biodiversity varies considerably depending on whether the original land cover is grassland, shrubland, primary forest, secondary forest, or degraded or exotic pasture, and whether native or exotic tree species are planted. The results of this study suggest that plantations are most likely to contribute to biodiversity when established on degraded lands rather than replacing natural ecosystems, such as forests, grasslands, and shrublands, and when indigenous tree species are used rather than exotic species. These findings can help guide afforestation and reforestation programs, including those aimed at increasing terrestrial carbon sequestration.
Introduction
Deforestation continues at a rate of 13 million hectares per year with devastating effects on biodiversity, particularly in the tropics. At the same time, afforestation and reforestation have led to an increase in forest and tree cover in some areas, lowering the global net forest loss to 7.3 million hectares per year (Bass 2004; Hecht et al. 2006; Liu et al. 2008) . A subset of this forest resurgence includes the 139.1 million hectares of timber plantations that continue to expand at a rate of 2.6 million hectares per year (FAO 2006) . As plantations become an increasingly ubiquitous land use, intense debate surrounds the extent to which these anthropogenic forests protect or degrade biodiversity (Norton 1998; Brockerhoff et al. 2008) . Improved understanding of how plantations and other ''working landscapes'' affect biodiversity and other ecosystem services is critical to forming socially and ecologically sustainable land-use policies (Goldman et al. 2008) .
While many researchers have found low levels of biodiversity in plantations (Matthews et al. 2002; Barlow et al. 2007a; Makino et al. 2007 ), other studies suggest that plantations can play an important role in biodiversity conservation and restoration of forest species (Hartley 2002; Cusack and Montagnini 2004; Carnus et al. 2006; Brockerhoff et al. 2008) , particularly when management aims to balance environmental and economic goals (Brockerhoff et al. 2001; Hartley 2002; Brockerhoff et al. 2008) . Enhanced biodiversity outcomes are expected with plantations that utilize indigenous tree species (Pejchar et al. 2005; Carnus et al. 2006; Stephens and Wagner 2007; Brockerhoff et al. 2008) , mixed species (Michelsen et al. 1996; Hartley 2002) , broadleaf rather than conifers (Aubin et al. 2008 ) and longer rotation lengths (Ogden et al. 1997; Brockerhoff et al. 2003) , and where they replace pastures with little remnant native vegetation (Felton et al. 2010) . Some plantations also provide critical habitat for endangered species, increasing the need to integrate conservation goals into management strategies (Brockerhoff et al. 2001; Pejchar et al. 2005; Arrieta and Suarez 2006) . Other researchers and land managers point to the utility of plantations as wildlife corridors, which, from a landscape ecology standpoint, may play an important role in sustainable development (Hobbs et al. 2003; Lindenmayer and Hobbs 2004) . Still others suggest that, in terms of conserving species diversity, plantations may be a ''lesser-evil'' alternative to agriculture or urban development (Carnus et al. 2006; Newmaster et al. 2006; Brockerhoff et al. 2008) .
Disagreement over the environmental value of plantations stems, in part, from the heterogeneity of plantations and the land covers they replace. An evaluation of the sustainability of plantations as a land use requires an evaluation of the changes and tradeoffs in ecosystem goods and services associated with plantations in comparison with alternative land uses (Mather 1992; Rudel et al. 2005; Carnus et al. 2006; Farley 2007; Brockerhoff et al. 2008) . In presenting plantations as part of the ''forest transition,'' where periods of forest decline are followed by spontaneous and induced forest re-growth, Rudel et al. (2005, p. 23) suggest that ''plantations do little to conserve biodiversity, but they do sequester carbon and conserve soil, so governments should place a high priority on promoting them.'' In reality, however, environmental outcomes of plantations, including effects on soil carbon (Bashkin and Binkley 1998; Guo and Gifford 2002; Farley et al. 2004) , on water quality and quantity (Farley et al. 2005; Van Dijk and Keenan 2007; Farley et al. 2008) , and on biodiversity (Hartley 2002; Carnus et al. 2006; Stephens and Wagner 2007; Brockerhoff et al. 2008; Buscardo et al. 2008 ) vary greatly depending upon the characteristics of both the plantations and of the previous land uses.
Synthesizing individual case studies and evaluating the patterns that emerge across cases can help to explain this diversity of outcomes observed with plantation establishment. In a global review of biodiversity of multiple taxa in plantations compared to pasture lands, Felton et al. (2010) found significantly higher amphibian and reptile richness in plantations, but found no significant differences in species richness of other taxa, including plants, mammals, and invertebrates in plantations versus pasture lands. Pointing to ''unexplained heterogeneity between studies,' ' Felton et al. (2010, p. 545) caution against ''general statements about the inherent biodiversity value of diverse and broadly-defined land uses.'' This conclusion emphasizes the importance of scrutinizing differences within the broad categories of plantations and pasture lands, including whether plantations use exotic or native species, proximity to native vegetation, and prior land-use history. While, in addition to Felton et al.'s (2010) synthesis, several other studies summarize biodiversity and plantation case studies (Carnus et al. 2006; Stephens and Wagner 2007; Brockerhoff et al. 2008) , there has yet to be a synthesis of quantitative changes in biodiversity with plantation establishment across a range of paired land covers and plantation types.
Accordingly, this paper synthesizes existing quantitative data available on plant richness in plantations (including those using native and exotic species) in comparison with alternative land covers (categorized as primary forest, secondary forest, shrubland, grassland, and degraded or exotic pasture) in order to inform land-use policy and stimulate further research. The focus is on between species diversity using plant species richness (including total, exotic, and native species richness) as a proxy for biodiversity. While this will not necessarily reflect biodiversity of other taxa, understory vegetation is considered to be a good predictor of faunal diversity (Humphrey et al. 1999) . Moreover, plants are the basis of the food chain and contribute to important ecosystem services including climate regulation, water purification, and pollination (Daily 1997; Goldman et al. 2008) . As such, an evaluation of plantations and plant diversity provides valuable information on the effects on vegetation with implications for wider ecosystem services and the faunal diversity they support.
Specifically, the research questions addressed in this synthesis are:
-What is the relationship between the type of land-use transition (grassland to plantation, shrubland to plantation, primary forest to plantation, secondary forest to plantation, and exotic or degraded pasture to plantation) and the effects of plantation establishment on plant biodiversity? -How do plantation age, plantation species, and plantation location and management affect plant biodiversity where plantations are established?
Methods
We compiled peer-reviewed articles that quantified plant biodiversity through measures of species richness, and percent native or specialist/narrow/endemic species. Literature searches were performed using the electronic databases Web of Science, Inspec, BIOSIS Previews, and Science Direct with search terms including: ''biodiversity and (plantations or planted forests or afforestation),'' and ''species richness and (plantations or planted forests or afforestation).'' Additional case studies were found through reviewing references in relevant publications including reviews on plantations and biodiversity (Hartley 2002; Carnus et al. 2006; Stephens and Wagner 2007; Brockerhoff et al. 2008; Felton et al. 2010 ). This study focuses on deliberately planted forestry trees including pines, eucalypts, other exotic species, and trees indigenous to the plantation area; agricultural plantations such as coffee, tea, rubber, and cotton were not included. While we consider our review exhaustive of literature available in these databases we did not include studies not available in these databases including grey literature, unpublished studies, and studies published in non-English journals not accessible by electronic databases. In order to evaluate the change in plant biodiversity, we included studies that compared species richness (including species richness, native species richness, and exotic species richness) data from one or more plantations with data from one or more alternative land uses. When reported we used mean species richness rather than total species richness, but recorded the former when mean species richness was not reported. Cases focusing only on a particular type of plant species richness (i.e. woody species richness) were not included.
Compiled observations in studies were divided into the following categories according to type of land use transition: (1) grassland to plantation, (2) shrubland to plantation, (3) primary forest to plantation, (4) secondary forest to plantation, and (5) degraded or exotic pasture to plantation. Grasslands and shrublands are defined as natural and semi-natural non-forested ecosystems. Primary forest consists of forest that has not been cleared, but may have been modified through activities such as selective logging, while secondary forest is naturally regenerating forest on abandoned land previously used for other purposes. European ''ancient forests'' (Proenca et al. 2010) or ''ancient woodlands'' (Brunet 2007) , which are at least 200 years old, but likely were cleared at some point in the past were included in the primary forest to plantation category as they are distinct from more recent secondary forest and are considered old growth. Degraded or exotic pasture refers to areas highly degraded or with dominantly exotic species used for grazing, including one study, which examined the effects of afforestation of degraded desert grazing areas (ElKeblawy and Ksiksi 2005) .
One hundred and twenty-six observations from 36 publications were included in the plant database which we believe to be an exhaustive review of published case studies available in electronic databases that match the above criteria of providing quantitative data comparing forestry plantations to alternative land uses. The database included cases from 25 countries, representing all continents (with the exception of Antarctica) with Japan (32 observations) as the most represented country (Fig. 1 ). Grassland and shrubland to plantation cases came from a variety of locations (including northern, southern, and eastern Europe, Africa, New Zealand, Jordan, and South America), as did primary forest to plantation cases (including Australia, South America, Africa, southern and northern Europe, and Hawai'i). The degraded or exotic pasture to plantation category included cases from the Middle East, Hawai'i, New Zealand, Australia, Central America, North America, and northern Europe. Despite the geographical breadth of these three categories, we did not find any observations from Asia. On the other hand, in the secondary forest to plantation category, the majority of observations (34 out of 54) and publications (4 out 9) came from Asia, primarily from Japan (32 cases) with an additional two cases from China. The secondary to plantation category also included cases from North America, northern and eastern Europe, and one publication from Puerto Rico, but lacked studies from Africa, South America, and other parts of Europe (Fig. 1) . A total of 11 grassland to plantation, 11 shrubland to plantation, 27 primary forest to plantation, 54 secondary to plantation, and 22 exotic or degraded pasture to plantation observations were recorded. Approximately 17% were established solely for wood production, 13% for environmental protection or restoration, and 39% for mixed purposes, with the remaining 31% for an unknown purpose.
In many cases a space-for-time substitution allowed for a direct comparison between a plantation and adjacent land use that was representative of the land cover prior to plantation establishment; as much as possible, plantations were paired with land uses that matched the previous land use to avoid inappropriate comparisons. In the grassland, shrubland, secondary forest, and exotic or degraded pasture to plantation categories we included only direct comparisons in that there was no intermediate land use and plantations were the cause of the land-use change. In the case of grasslands, shrublands, and almost all degraded or exotic to plantation cases, plantations were established directly on these land uses and then compared directly to adjacent or nearby remaining prior vegetation cover. In one study, however, plantations were established on a succession of grasslands and shrublands without distinguishing which plantations were established on which land cover (Cremene et al. 2005) ; in this case both a shrubland to plantation and grassland to plantation category were included. In another study (Ecroyd and Brockerhoff 2005) , plantations were primarily established by replacing shrublands, but at the same time other shrublands were replaced by exotic pasture; in this case, both shrubland to plantation and exotic or degraded pasture to plantation cases were included.
In the primary forest to plantation category, however, the majority of cases found (19) compared primary forest to plantations established on land that was formerly primary forest but had been used for agriculture or grazing (intermediate land use) prior to planting. We included both direct and indirect comparisons in these studies in order to not lose valuable knowledge regarding the capacity of plantations to serve as restoration tools. While the intermediate land use and land use history will clearly influence biodiversity outcomes (Ito et al. 2004; Lee et al. 2005; Brunet 2007; Soo et al. 2009 ), these cases were included in order to not lose information and to be able to compare indirect and direct comparisons. Those transitions involving direct comparisons and those with an intermediate land use are clearly indicated in Appendix 1 (see Electronic supplementary material).
In some cases plantation biodiversity was compared with two or more alternate land uses that represented the land cover at different points over the past 50 years. For example, in Goldman et al. (2008) native plantations were established on exotic pasture that had been previously deforested. In this case, plantation biodiversity was compared to both adjacent pasture and to native primary forest with one observation classified as degraded or exotic pasture to plantation and the other as primary forestry to plantation. For studies that Fig. 1 Map displaying included publications and observations by category of land-use change. Points followed by (x,y) refer to (publications, observations) per geographical location whereas points without (x,y) refer to one publication and one observation Biodivers Conserv (2010) 19:3893-3915 3897 presented data from multiple plantations, each pair was recorded as a data point or observation.
All of the studies that were included reported species richness (SR, either as the mean species per unit time or area or as the total amount encountered over the entire study area) in both the plantation and paired land use; some articles included a species list in the appendix from which species richness was calculated. From these data, change in species richness following plantation establishment was calculated as follows:
The same was done for native species richness, narrow and endemic species richness, and exotic species richness where this information was available. Additionally, when available, the percent change in specialist, narrow or endemic species was computed by calculating the difference in percentage of narrow and endemic species between the plantation and paired land use. Specialist species were defined as such by the individual authors due to their being forest-dependant (late seral species) or open-habitat dependant in the case of grassland and shrubland transitions. Presence or absence of extremely rare or threatened/endangered species was also recorded. Site information including location, mean annual precipitation, plantation age and size, species composition, change in canopy cover, proximity to native vegetation, and silvicultural methods were also recorded where available.
Statistical methods
In order to avoid making assumptions about sample distribution and variance in categories with small sample sizes, Fisher's sign tests (signed binary-tranform tests) were used to determine whether each category of plantation transition significantly impacted measures of diversity and richness. Fisher's sign test is a conservative test with less power than Student's t-tests and Mann-Whitney U test, and is the preferred test in the absence of normal or symmetrical distributions. Student's t-tests with unequal variances were used to compare native versus exotic plantations within the secondary, primary, and exotic and degraded pasture forest transitions as data in these categories were approximately normally distributed. Non-parametric Spearman's rank correlations were used to evaluate the relationship between plantation age and species richness. All statistical analyses were done using the JMP software package (JMP 2007) .
Results

Effects of land-use transition type
The type of land-use transition significantly influenced the biodiversity outcomes of plantation establishment. Plant species richness significantly decreased in grassland to plantation (-35% ± 7%; P \ 0.001), primary forest to plantation (-35% ± 6%; P \ 0.001), and shrubland to plantation (-34% ± 10%; P \ 0.05) transitions, but significantly increased in secondary forest to plantation transitions (35% ± 8%; P \ 0.05). Species richness also tended to increase in the exotic and degraded pasture (25% ± 15%; P = 0.83), but results were not significant due to high variability within the data (Fig. 2 , Table 1 ).
Afforestation: grassland to plantation and shrubland to plantation Afforestation of natural grasslands and shrublands resulted in a decrease in species richness and diversity in all but two cases. The two cases where species richness increased were both in the shrubland to plantation category and were from a publication on the effects of afforestation of a highly endemic but naturally species poor ultramafic grassland in Italy (Chiarucci and Dedominicis 1995) . While overall species richness increased with plantation establishment, specialist and endemic species richness decreased; as such, the increase in total species richness can be attributed to the expansion of generalist or exotic species (Chiarucci and Dedominicis 1995) . Although few afforestation publications reported this Table 1 Changes in plant species richness, specialist/endemic/narrow species richness, native species richness, and exotic species richness, by type of land-use transition measure, those that did reported a decline in richness of narrow/endemic/specialist species (species noted by author as restricted to a particular habitat type), with an average decrease of 47% (±15%) in the three grassland cases where it was reported and 38% (±11; n = 4; P \ 0.05) in shrubland afforestation (Table 1) . Exotic species richness was unaffected in one grassland to plantation case (Cremene et al. 2005) while in the other case reported it increased by 470% (O'Connor 2005). Exotic species richness increased in all five shrubland to plantation cases (mean = 36%), but not significantly so (P = 0.41; Fig. 3 ). Native species richness, in contrast, decreased in all afforestation cases and significantly so in the shrubland to plantation category (55% decrease, n = 4, P \ 0.05; Table 1 ).
Primary forest and secondary forest to plantation Species richness was lower in plantations than in primary forest in 24 of 27 cases with a mean decrease of 35% across all observations (Table 1 ; Fig. 2 ; P \ 0.001). Eight of the 27 cases were direct comparisons, meaning that plantations replaced natural forests, while 19 of the cases involved an intermediate land use whereby plantations were established on previously deforested land that had been used for another purpose, most often grazing (Appendix 1 includes details on the intermediate land use for each case). Overall, plantations replacing primary forests were 39% (±8%) less species rich than paired primary forest (P \ 0.05), while those with an intermediate land use were 33% (±8%) less species rich than paired primary forests (P \ 0.01). Likewise, native species richness significantly decreased by 65% (±10%) (P \ 0.05) in the five cases reported in the primary forest.
Results of exotic species richness were variable in the five primary forest to plantation transitions where it was reported, ranging from a 510% increase to a 23% decrease (P = 0.65) and was higher in plantations in three out of the five cases reported (Fig. 3) . In one case exotic species richness was unaffected by plantation establishment; in the one case where exotic species richness was higher in the primary forest than plantation, the abundance of exotic species was lower in the primary forest (Goldman et al. 2008) . •
Boxplot outliers
Moreover, in this case, native species richness and overall species richness decreased with plantation establishment, indicating a much more abundant and diverse native understory in primary forests compared to plantations. In contrast, species richness significantly increased in the secondary forest to plantation category (P \ 0.05; Table 1 ; Fig. 2 ), despite considerable heterogeneity among results, with plantations being less species rich than secondary forests in 18 of the 54 cases. Nonnative species richness was reported in two cases in the secondary forest to plantation category (Fig. 3) . One was a group of plantations that used native species where exotic species richness increased by approximately 5% (data estimated from figure) (Battles et al. 2001) . The other was an exotic species plantation, which reported one non-native species in the plantation compared to none in the paired secondary forest (a 100% increase) while native species richness declined 17% (the one case reporting native species richness in the secondary forest to plantation category) with plantation establishment (Cremene et al. 2005) . Narrow/endemic/specialist species richness increased 12% (±27%) overall, but was highly variable and swayed by one case where narrow/endemic/specialist species richness increased by 144% (Cremene et al. 2005) , whereas, four out of six cases resulted in a decrease in narrow/endemic/specialist species.
Exotic or degraded pasture to plantation Species richness in plantations established on exotic or degraded pasture increased in 13 of 22 cases, but the mean increase of 25% (±15%) was not significant (P = 0.83) ( Fig. 2 ; Table 1 ). Exotic species richness significantly decreased by 39% (P \ 0.05; n = 6), while native species richness increased by 410% (P = 0.11; Fig. 3 ). Species richness in plantations utilizing native species increased an average of 45% (n = 14) while in plantations utilizing non-native species, species richness decreased overall by 12% (n = 8), although neither of these was significant. It should be noted that several publications finding large increases in woody species richness in both exotic and native plantations established on degraded or exotic pastures (Parrotta 1995; Cusack and Montagnini 2004) were excluded because they did not include herbaceous species richness, but do indicate the high capacity of plantations to restore woody diversity, which is sometimes the goal of plantation establishment (both native and exotic) on degraded lands.
Effects of plantation species
We found a highly significant (P \ 0.001) difference between plantations utilizing native species (n = 43) versus those using exotic species (n = 11) in the secondary forest to plantation category. While native species plantations were 51% (±8%) more species rich than paired secondary forests, exotic species plantations were 29% (±6%) less species rich than paired secondary forests (Fig. 4) . It should be noted here, however, that 29 of the 43 native species plantation cases were from a single study (Nagaike et al. 2006 ) with a total of four studies providing data for native plantations compared with naturally regenerating forests, indicating the need for more studies from more diverse regions (Fig. 1) . We found a similar trend in primary forest to plantation transitions where plantations using exotic species tended to experience somewhat greater declines in species richness (-42% ± 9%) than those using native species (-30% ± 9%), but this difference was not significant (P = 0.353; Fig. 5 ). Native species plantations (n = 14) established on exotic or degraded pastures were also significantly (P \ 0.05) more effective in restoring species richness (45% ± 20% increase) compared to exotic species plantations (n = 8; -12% ± 14%), however, the number of observations was small with substantial variation among them.
We found no significant differences between plantations using single or mixed species; there were, however, few cases using mixed species, making this relationship difficult to assess. All plantations in shrubland were conifers (and thus, evergreen), making a comparison of plantations with conifers versus broadleaf impossible in this category. Seven of ten plantations used conifers in grassland to plantation transitions, which resulted in a decrease in species richness of 40% (±8%) versus 19% (±10%) in broadleaf plantations, but sample sizes were too small to run statistical comparisons in this category. There was no significant difference in the primary forest to plantation category with conifers (n = 14) and broadleaf trees (n = 13) decreasing species richness by 33% (±9%) and 36% (±8%), respectively. In the secondary forest to plantation category, conifer plantations (n = 48) were significantly more species rich (43% ± 8%, P \ 0.001) than paired secondary forests while broadleaf plantations (n = 6) supported significantly fewer species 30% (±5) than paired secondary forests (P \ 0.05). Due to small sample size of the broadleaf plantations, conifer and broadleaf plantations were not statistically compared directly to each other. These results are also confounded by the fact that 40 of the conifers are native species (three of the broadleaf plantations were native and three exotic) and thus established in areas with natural conifer forests, which would affect biodiversity outcomes differently than in areas with native broadleaf forests forested with conifer species. In the exotic or degraded pasture to plantation category species richness decreased overall by 2% (±16%) with conifer plantations (n = 6) and increased 34% (±19%) in broadleaf plantations (n = 16), but neither of these tendencies was significant. Fig. 4 Change in plant species richness with plantations using native versus those using exotic species in secondary forest to plantation transitions (P \ 0.001).
• Boxplot outliers
Effects of plantation age
Species richness significantly decreased with plantation age with grassland afforestation (R 2 = 0.673, P \ 0.05, Spearman's correlation) and tended to decrease with shrubland plantation (R 2 = 0.475, Spearman's correlation) although not significantly so (P = 0.140). No relationship with plantation age was found in the primary forest, secondary forest, or exotic or degraded pasture to plantation categories, nor were differences found when dividing plantations into age categories (young: B7 years; mid-aged: 8-24 years; mature: C25 years).
Management and location effects
Unfortunately, beyond the species used, there was inadequate information available regarding management regime, including site preparation, tree spacing, and whether or not plantations were thinned. We used canopy cover as a proxy for management since increased canopy openness through thinning, spacing, or species selection is thought to influence biodiversity outcomes (Michelsen et al. 1996; Hartley 2002) . Canopy cover was obviously greater in plantations than in grasslands, shrublands, and exotic or degraded pasture areas. We found no significant difference in canopy cover in primary and secondary forests versus plantations, but this may be due to a small sample size. Of the cases reporting canopy cover in the primary and secondary forest categories, a higher proportion of exotic plantations had higher canopy cover than did native plantations. All native plantations reporting canopy cover had a lower canopy cover than paired secondary forests.
The proximity of plantations to native vegetation or seed sources can also have an effect on biodiversity outcomes (Hartley 2002; Carnus et al. 2006; Brockerhoff et al. 2008; Fig. 5 Change in plant species richness with plantations using native versus those using exotic species in primary forest to plantation transitions.
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Biodivers Conserv (2010) 19:3893-3915 3903 Felton et al. 2010) . While few studies reported in detail distance to native vegetation, we classified plantations as ''near or adjacent to native vegetation,'' when the authors indicated the existence of native vegetation in close proximity, or ''isolated,'' where authors pointed out that plantations were separated, by a geographical or land-use barrier, from natural vegetation. The vast majority of studies reported the existence of nearby native vegetation, including all but one afforestation case (where the entire watershed was afforested), all of the secondary forest to plantation transitions, 21 out of 27 primary forest to plantation transitions, and 13 out of the 22 degraded or exotic forest to plantation transitions (with the other nine cases not reporting this measure). In the primary forest to plantation category the three cases where plantations were isolated from native vegetation tended to be less species rich than paired primary forests (53% ± 7% less species rich) compared to those near native forest (-28% ± 6% less species richness), but the small sample size makes it difficult to draw any conclusions. As few studies reported distance to native vegetation in detail, further information is necessary to evaluate these relationships.
Discussion
The value of increasing forest cover depends in large part on the characteristics, or ecological quality, of the resulting forests (Farley 2007; Perz 2007; Lambin and Meyfroidt 2010; Putz and Redford 2010) . The results of this synthesis clearly indicate that a number of factors, including previous land use, plantation species, and, in some cases, plantation age, influence whether biodiversity increases or becomes more impoverished following plantation establishment. Here, we have identified several characteristics of plantations that can have a strong influence on biodiversity outcomes.
Negative impacts on biodiversity: grassland, shrubland, and primary forest conversions This synthesis suggests that conversion of natural and semi-natural grasslands and shrublands or of primary forest is likely to be detrimental for biodiversity (Fig. 2) . Our results concur with other studies that show afforestation of natural ecosystems alters habitat substantially for native flora and fauna (Richardson and Van Wilgen 1986; Van Wesenbeeck et al. 2003; Alrababah et al. 2007; Lantschner et al. 2008) , with particularly strong negative effects on specialist grassland and shrubland species (Andres and Ojeda 2002; Freemark et al. 2002; Buscardo et al. 2008 ). While Felton et al. (2010) found no significant differences in plant species richness between plantations and pasture lands, their study grouped together native and artificial grasslands used for grazing into one pasture category. Thus, it is possible that some of the ''unexplained heterogeneity'' (Felton et al. 2010 , p. 6) they found may be due to the broad range of land covers included in their pasture lands category, highlighting the importance of previous land cover and use. The loss of plant diversity and richness with afforestation of natural and semi-natural grasslands and shrublands has been attributed to a number of factors including site preparation, exclusion of shade intolerant native species by plantation canopy cover, allelopathy, and the physical barrier of litter (particularly pine litter) to germination (Maccherini and De Dominicis 2003; O'Connor 2005; Alrababah et al. 2007; Buscardo et al. 2008) . Changes in land management with plantation establishment, such as the exclusion or alteration of grazing regimes or draining, can affect plant diversity and community structure as well (Buscardo et al. 2008) . Plantation establishment will also differentially affect particular native grassland and shrubland species (Igboanugo et al. 1990; Van Wesenbeeck et al. 2003; Cremene et al. 2005; Chirino et al. 2006) as in the case of native fynbos afforestation in South Africa where geophytes and wind dispersed species survived under plantations whereas woody large-leaved species such as protea did not (Richardson and Van Wilgen 1986) . Changes in community structure are also reflected in changing amounts of exotic versus native species. While native species richness decreased in all cases that reported it, exotic species increased (or was unaffected in two cases) in all reporting cases. Increased dominance of exotic species may be attributed to increased disturbance, changes in light and soil conditions, and, in some cases, changes in land management, including exclusion of grazing (Buscardo et al. 2008) .
Natural grasslands and shrublands have historically received little conservation attention in comparison to forested ecosystems (Andres and Ojeda 2002; Putz and Redford 2010) . The low number of case studies in the shrubland to plantation and grassland to plantation categories is reflective of the paucity of publications examining the effects of afforestation on biodiversity. While this is changing with increased appreciation of their high biodiversity value, many non-forested ecosystems lack formal conservation measures to prevent afforestation (Andres and Ojeda 2002; Buscardo et al. 2008) and are rarely given consideration in carbon-based conservation efforts (Putz and Redford 2010) . Afforestation of natural and semi-natural grasslands and shrublands has been shown to decrease soil carbon and stream flow (Guo and Gifford 2002; Farley et al. 2004 Farley et al. , 2005 and to increase stream acidity (Farley et al. 2008) . Given that other ecosystem services, in addition to biodiversity, are also often adversely affected, afforestation of natural and semi-natural grasslands and shrublands, from an ecological perspective, can be seen as generally leading to a suite of negative impacts (Brockerhoff et al. 2008; Buscardo et al. 2008) .
Our finding that primary forests supported an average of 35% more species than plantations is not surprising as, regardless of management, species selection, age, or landuse history, primary forests will most often support higher levels of native species richness and abundance than plantation forests (Cavelier and Tobler 1998; Lindenmayer and Hobbs 2004; Brockerhoff et al. 2008; Goldman et al. 2008) . The intensity of land use during any intermediate agricultural phase can affect soil properties, the amount of relict vegetation, and micro-topography, which in turn will influence biodiversity outcomes (Aubin et al. 2008; Brockerhoff et al. 2008) . For this reason, it is important to distinguish between plantations directly replacing native forests and plantations established in already degraded areas in order to avoid ''inappropriate comparisons'' (Paquette and Messier 2010) . In doing so, we found a slightly greater decrease in species richness with direct comparisons (39% less species rich; plantations replacing primary forest) than those with an intermediate land use (33% less species rich) . While the number of direct comparisons was small (n = 8), the fact that we found a significant decrease in species richness in primary forest to plantation transitions, whether or not an intermediate land use existed, suggests that plantations do not function to restore biodiversity to levels approaching that of primary forests on sites previously covered with primary forest regardless of the intermediate use, but the plantations could be considered to restore biodiversity compared to the intermediate land use.
Lower levels of species richness in plantations compared to primary forests is likely due, in part, to the high level of structural complexity in natural forests that is required for seed germination in some plant species, particularly late seral and animal dispersed species (Lindenmayer and Hobbs 2004; Carnus et al. 2006; Paritsis and Aizen 2008) . Lower diversity in plantations may also be due to the paucity of seed sources (Gonzales and Nakashizuka 2010) and by changes in decomposition rates and litter fall with plantation establishment (Barlow et al. 2007b ). In general, plantations contain a subset of primary forest species (FAO 2006) , with lower levels of diversity and richness (Pomeroy and Dranzoa 1997; Fahy and Gormally 1998; Yirdaw 2001 ), but may be dependant upon adjacent or nearby forests for regeneration (Paritsis and Aizen 2008; Onaindia and Mitxelena 2009) . As indicated by our results and discussed below, plantations (particularly young plantations) also tend to favor establishment of ruderal or exotic species over large, gravity dispersed or late seral species, leading to a change in species composition often not reflected in changes in overall species richness (Ito et al. 2004; Paritsis and Aizen 2008) .
Given that approximately half of plantations are established through conversion of natural forests, it is clear why many environmental groups rally against plantation forestry (Hartley 2002; Brockerhoff et al. 2008) . While plantations represent a proximate driver for a small percentage of deforestation (7%), they still constitute an important threat to native flora and fauna (FAO 2001) . Although plantations may represent a ''lesser evil'' relative to other more intensive land uses, it is clear from a biodiversity perspective that primary forests (and other non-forested natural lands) should not be converted to plantations (Brockerhoff et al. 2008 ).
Variable impacts on biodiversity: secondary forest and degraded and exotic pasture to plantation conversions Although species richness significantly increased in the secondary forest to plantation category, the diversity of results among case studies reflects the varied outcomes in studies quantifying biodiversity in plantations compared to secondary forests (Hartley 2002) . This suggests that secondary forest to plantation conversions need to be evaluated on a case-bycase basis, and the value of this land-use change depends to a large degree on the objectives of the plantation. While plantation forests can result in rapid development of a forest structure beneficial for some wildlife species (Duran and Kattan 2005) , it is widely believed plantations generally have less developed understories due to the intensity of site preparation (Marcos et al. 2007 ), frequent uniformity of plantation forest structure (Barlow et al. 2007a; Aubin et al. 2008) , and changes in ecological processes of decomposition and litterfall (Barlow et al. 2007b) . In some locations, secondary forests ''…are essentially forest fallows subject to reclearing'' (Putz and Redford 2010, p. 16) , while in many parts of Europe, where few primary forests remain, the distinction between secondary forest and very old plantations may be blurred and plantations are seen as playing an important role in biodiversity conservation (Humphrey 2005 , Brockerhoff et al. 2008 . In these cases, the type of plantation species can play an important role, as ''plantation forests can be expected to be better equivalents of natural forests if they are composed of locally occurring native tree species, and in some cases it may be difficult to distinguish older stands from natural forest'' (Brockerhoff et al. 2008, p. 935) .
Our results suggest that the species used in plantation play a particularly important role in secondary forest to plantation conversions (Fig. 4) . While exotic plantations support lower levels of plant diversity, native plantations may actually support more diversity than comparable secondary forests. This is a particularly interesting comparison given the increasing trend of both natural forest regeneration and plantation establishment; in tropical regions, the area of natural forest converted to plantations each year approximately equals the area of naturally regenerating forests, while secondary forest growth exceeds the conversion rate of natural forest to plantations by three times in temperate regions (FAO 2006) . It should be noted, however, that 29 of the 42 native secondary plantations in our synthesis were from one publication in Japan comparing 2-77 year-old Larix kaempferi plantations with secondary forests (Nagaike et al. 2006 ). The authors found significantly higher species richness and diversity in plantations, which they attribute to differences in management. The authors suggest thinning and weeding of plantations created disturbances that increased vine, annual, and fern growth forms and gravity-dispersed species, but that decreased the number and richness of tall tree species and bird dispersed species in plantations compared to naturally regenerating forests (Nagaike et al. 2006 ). While they did not find any significant relationship between understory diversity and richness of plantations and plantation age, they did find differences in community structure, with older plantations being more similar to naturally regenerating forests and younger plantations having higher proportions of weedy species (Nagaike et al. 2006) . The results of this synthesis do not suggest that replacing secondary forests is beneficial for biodiversity, but that in some cases plantations (particularly those using native species) can provide more or comparable benefits to similar aged naturally regenerating forests.
Across a range of taxa, plantations often support intermediate levels of biodiversity, which are lower than natural ecosystems but higher than other ''working'' or humanmodified landscapes (Senbeta et al. 2002; Brockerhoff et al. 2008; Goldman et al. 2008) . The exotic or degraded pasture category of land use in this synthesis represents deforested, primarily exotic and degraded pastures that likely had economic value at some point, primarily through grazing; in these cases, plantations (of some species) may offer an alternative viable ''working landscape'' that also has economic value (Brockerhoff et al. 2008; Goldman et al. 2008 ). In addition to potential economic revenue, plantations have been shown to aid restoration in degraded areas where native regeneration may otherwise be inhibited, by improving soil conditions through increased organic matter and litter production (Senbeta et al. 2002) , by shading out competitive grasses and other lightdemanding species (Parrotta 1995; Koonkhunthod et al. 2007) , and by creating a microclimate more favorable for seed dispersal and colonization, particularly for animal-dispersed species (Parrotta 1995; Hartley 2002; Carnus et al. 2006; Goldman et al. 2008) . How effective plantations are in restoring biodiversity is expected to be influenced by past land use, distance to native seed source, persistence of root stocks and seed bank, and presence of seed dispersing wildlife, as well as plantation species, age, and management (Yirdaw 2001; Cusack and Montagnini 2004; Goldman et al. 2008) .
Our results regarding the restoration value of plantations on pasture lands were variable and differences were not significant, but the trend towards higher species richness with native plantations and lower species richness with exotic plantations suggests that native plantations may be a better choice for restoration of degraded or exotic grasslands. Species richness was higher in 10 out of 14 native plantations compared to paired pastures. Furthermore, one of the cases where species richness was higher in pastures compared to native plantations was attributed to a greater number of exotic species (rather than native species) in pastures (Goldman et al. 2008) . The other three cases came from a study noting that ''there were probably substantial edge effects from the surrounding plantations upon the relatively small control areas'' (Powers et al. 1997, p. 45) , suggesting that species richness of paired pastures may have been overestimated.
Through wood and non-timber production or through carbon sequestration programs and other payment for ecosystem programs, plantations replacing ''working lands'' with low biodiversity may continue to provide economic revenue (Goldman et al. 2008) . While the results of this synthesis were highly variable for these landscapes, a number of cases with increased species richness in plantations compared to paired pastures indicate that plantations (with some species) established on degraded/cleared lands may sometimes present a win-win situation where both environmental and economic goals are met (Lugo 1997; Lamb 1998) . As noted by Carnus et al. (2006, p. 68) , ''In many circumstances plantations may be the only economic means by which to overcome large scale degradation. In these circumstances the issue is not whether to establish plantations but, rather, what kind of plantation to establish.'' Where native species are used, plantations may better create canopy cover and soil chemistry conditions that favors native over exotic species colonization (Skowcroft and Jeffrey 1999 in Goldman et al. 2008 ).
Influence of plantation species
One of the most interesting findings in this synthesis is that while exotic plantations were, overall, less species rich than natural and semi-natural ecosystems (shrublands, grasslands, primary, and secondary forests), on average, native plantations were significantly more species rich than secondary forests. This may be due to a number of management and structural factors that transcend the categorization of ''native'' versus ''exotic.' ' Stephens and Wagner (2007) , for example, conclude that native plantations are generally more similar in habitat structure to natural forests than are exotic plantations and therefore support a more diverse flora and fauna. As stated by Brockerhoff et al. (2008, p. 935) : ''Plantation forests can be expected to be better equivalents of natural forests if they are composed of locally occurring native tree species.'' This statement does not assume that exotic plantations are always ''green deserts'' since, ''even exotics can have understory resembling native forests'' (Brockerhoff et al. 2008) .
Whether plantations with native species increase plant biodiversity or not, they may also have extra value for faunal diversity due to masting cycles and fruit and nectar quality (Hartley 2002) . Other studies have found native plantations important for endangered faunal species providing an important restoration tool that balances environmental and economic goals (Pejchar et al. 2005) . Hartley (2002) advocates for the use of native species due to the vast number of largely undiscovered invertebrates and microorganisms that may only survive in native plant species. However, considerable biodiversity, including endangered faunal species, has also been found in some exotic plantations, suggesting that they can also provide important habitat (Brockerhoff et al. 2003 (Brockerhoff et al. , 2008 Quine and Humphrey 2010) . Native plantations are also viewed as preferable from a landscape perspective as they preclude the risk of exotic trees associated with exotic plantations (Lamb 1998; Estades and Temple 1999; Richardson et al. 2008) , although the potential for genetic contamination of local species with exotic genotypes must also be considered (Carnus et al. 2006; Aubin et al. 2008) . Native species should also be locally native, rather than simply regionally native, as in the case of the plantation tree, Queensland maple, which is native to Northern Queensland but threatens native forests in Subtropical Australia (Kanowski et al. 2003) .
Furthermore, because many plantations established for wood production use exotic species (FAO 2001) , the longer-term effects on biodiversity are also likely to be influenced by the plantation species, and the interaction between the plantation species and the purpose of plantation establishment. However, it should be noted that native species are increasingly recognized as valuable timber species (Hartley 2002; Goldman et al. 2008 ) and a number of countries including China and the United States generally use native species in plantations (Brockerhoff et al. 2008) . Ultimately, these issues that influence the ''wider context'' of plantations will have important implications for their long-term sustainability (Brockerhoff et al. 2008, p. 928) .
In addition to the species themselves, a number of authors have suggested that deciduous and/or broadleaf plantations are preferable for biodiversity conservation to conifer and/or evergreen plantations (Lemenih and Teketay 2005; Aubin et al. 2008) . Reasons include greater similarity between deciduous plantations and natural forests in places where native forests are deciduous (Aubin et al. 2008 ) and limits on understory regeneration resulting from an acidic and nutrient limited needle layer and low light conditions in conifer plantations (Michelsen et al. 1996; Senbeta et al. 2002; Aubin et al. 2008) . It has also been suggested that broadleaf plantations are more structurally complex than conifer plantations, leading to an increase in seed-dispersing wildlife and microclimate heterogeneity required for regeneration (Cheng and Lai 2002; Carnus et al. 2006) . Others, however, have suggested that factors such as tree spacing and density, land use history, and plantation age can often be more important than plantation species (Geldenhuys 1997; Proenca et al. 2010) .
In this synthesis we found deciduous and broadleaf plantations significantly less species rich overall than conifer or evergreen species for secondary forest to plantation transitions. This may be due to the fact that the vast majority of secondary forest to plantation transitions (44 of 54 overall and 40 of 43 native plantations) examined conifer plantations established in areas with native conifer forests. As plantation diversity may be enhanced ''by creating understory environmental conditions comparable to natural forests'' (Aubin et al. 2008 (Aubin et al. , p. 2473 , conifer plantations established in areas with native conifer forests would likely not have the degree of negative effects seen where conifer plantations are established in areas with natural deciduous or broadleaf forests (Paritsis and Aizen 2008) . However, while not significant and the sample size is too small to draw conclusions, conifers did cause a greater decrease in species richness than broadleaf plantations in grassland to plantations transitions which may be due to these broad differences in forest structure. Due to the small sample size, our results also were variable and inconclusive regarding the general belief that mixed species plantations support more native species abundance and diversity than monocultures (Hartley 2002; Stephens and Wagner 2007) .
Plantation age
Older plantations established on previously forested lands, are generally expected to support higher levels of diversity given additional time to develop structural complexity (Lugo 1992; Munro et al. 2009 ), and favorable microclimates and litter and humus layers that are more conducive to native plant colonization (Geldenhuys 1997; Brockerhoff et al. 2003 Brockerhoff et al. , 2008 Nagaike et al. 2006) . Other studies, however, have found high levels of species richness in younger plantations, but have primarily attributed this to an increase in light-demanding ruderal and often exotic species, with native forest species increasing with plantation age (Ito et al. 2004; Nagaike et al. 2006; Soo et al. 2009 ). On the other hand, plantations established on natural or semi-natural shrublands and grasslands would be expected to have a greater negative effect on native species with age, increasing canopy cover, and with multiple rotations (Wallace and Good 1995; Maccherini and De Dominicis 2003; O'Connor 2005) . Our results provide some support for this idea, with a significant negative relationship with plantation age and species richness in the shrubland to plantation category and an insignificant but similar trend with grassland afforestation. Clearly, this would also depend on the particular growth rate of the plantation species used, the ecological characteristics of native understory species, and other environmental and site conditions including adequate seed sources and climate conditions (Hartley 2002; Cusack and Montagnini 2004) .
Management effects
Discussions of management strategies to conserve biodiversity in plantations are generally focused on enhancing habitat for forest species. In a synthesis of management recommendations to improve biodiversity outcomes of plantations established on previously forested lands, Hartley (2002) suggests (1) leaving remnant native trees, snags, and cavity trees during harvest, (2) managing plantations on longer rotations, (3) utilizing native species over exotics and polycultures over monocultures, (4) avoiding intensive site preparation, and (5) thinning some plantations heavily and others not to maintain a mosaic of open to non-open areas to encourage native species colonization. Of these recommendations we found clear support for using native species over exotic species. While we did not have sufficient information on the amount of remnant native vegetation left in plantations, this, in addition to proximity to native forest, is likely a key control on biodiversity outcomes (Goldman et al. 2008) . In some cases, regeneration of native species in plantations may depend on colonization from adjacent or nearby native ecosystems (Senbeta et al. 2002; Paritsis and Aizen 2008) . Relatively few publications reported sufficient detail on distance, making this factor difficult to analyze.
Canopy openness is also regarded as an important factor influencing understory richness where plantations with wider spacing (either due to plantation species or management practices), and thus more open canopies, allow more light to reach the understory (Michelsen et al. 1996; Cannell 1999; Brockerhoff et al. 2003; Lemenih and Teketay 2005; Carnus et al. 2006) . While thinning generally facilitates the establishment of shrubs and herbaceous flora, it also can favor primarily generalist and exotic species which thrive with increased light and moderate which than compete with native species, such as forest herbs and native late seral woody species (Herault et al. 2004; Newmaster et al. 2006; Aubin et al. 2008) . Moderate levels of disturbance are generally seen as beneficial for biodiversity, but severe disturbance creates conditions few plants can tolerate (Battles et al. 2001 ) and even moderate disturbance can create conditions that facilitate colonization of disturbance-adapted, ruderal species, particularly in areas with problems with invasive species (Brockerhoff et al. 2003) . Unfortunately, there was not adequate information on spacing, thinning, and canopy cover provided in the studies included in the database to conduct a detailed analysis on the effects of canopy openness on plant diversity. We found no significant relationship between whether canopy cover was greater or lesser in plantations versus the paired land-use, although small sample size made this difficult to analyze. The fact that all native plantations in the secondary to plantation category had a lower canopy cover than the paired land use may be indicative of increased management (particularly thinning) in plantations compared to naturally regenerating forest and may result in increasing species richness of some species (Nagaike et al. 2006 ). While we did not find significant relationships between measures of biodiversity and management, plantation age, and other factors, greater availability of data on these topics could help to clarify the role they play.
Influence of biodiversity measure used While species richness is an often-used proxy for biodiversity it does not take into account which species are increasing or decreasing and thus does not reflect changes in species composition (Nagaike et al. 2006; Duan et al. 2009 ). While in some cases plantations support more species than paired land covers, it is important to take into account which species benefit from plantation establishment and which are negatively affected by it, which depends largely on the functional characteristics of particular species, such as seed size, dispersal agent, shade tolerance, and maximum plant height (Nagaike 2002; GomezAparicio et al. 2009; Gonzales and Nakashizuka 2010) .
It is also important to consider changes in specialist or narrow and native (especially endemic) species richness, as these species are often the most sensitive to land-use change (Ogden et al. 1997; Brockerhoff et al. 2003) . Few studies reported specialist/narrow/ endemic species richness; those that did all reported a decrease in grassland, shrubland, and primary forest to plantation transitions, whereas results were mixed in the secondary and degraded or exotic pasture to plantation categories. The relatively short rotation of plantations can be particularly discriminating against old forest succession species, decreasing the value of plantations as compared to natural forests (Richardson and Van Wilgen 1986; Alrababah et al. 2007; Buscardo et al. 2008) , and afforestation of natural grasslands and shrublands has been found to have particularly detrimental effects on narrow specialist species (Michelsen et al. 1996; Battles et al. 2001; Ito et al. 2004; Nagaike et al. 2006) .
It is also critical to consider how plantations affect the number and abundance of exotic species since non-native species, when invasive, can compete with indigenous species and change ecosystem functioning (Richardson et al. 2000) . While the limited number of studies precludes drawing strong conclusions, the results of this synthesis support past research that suggests that plantations tend to lead to an increase in exotic species (Fig. 3) and a decrease in native species richness compared to natural ecosystems (grasslands, shrublands, primary forests, and secondary forests) (Parrotta 1995; Cusack and Montagnini 2004; Brockerhoff et al. 2008) (Table 1) . On the other hand, we found a decrease in exotic species and an increase in native species in degraded or exotic pasture to plantation transitions, suggesting that plantations can be effective in shading out competitive exotic species under those conditions (Carnus et al. 2006; Brockerhoff et al. 2008; Buscardo et al. 2008) .
Conclusion
At local, national, and international levels, there is increasing emphasis on evaluating the impact of plantations on biodiversity and in enhancing biodiversity outcomes through landuse planning and forest management (Kanowski et al. 2003; Richardson and van Wilgen 2004) . In evaluating plantations as a sustainable land use, it is important to consider how this type of land-use change will affect a range of environmental goods and services including forestry products, water supply, carbon cycling, and biodiversity. The primary recommendation from this study is that plantations are more likely to positively benefit biodiversity (particularly in terms of favoring native over exotic species) when established on degraded or exotic land covers rather than as a replacement of natural ecosystems, whether those systems were originally forested or not. At the same time, this study makes clear that further research is needed on the biodiversity outcomes of shrubland and grassland afforestation as few studies were available in these categories. In addition, the trends we found suggest that new plantations should utilize indigenous tree species to enhance within-plantation biodiversity, but more research is needed on the effects of afforestation in grasslands and shrublands using species that are native to nearby forests or woodlands versus exotic species (Carnus et al. 2006; Brockerhoff et al. 2008) . However, exotic plantations do support some biodiversity, even when compared to primary forest, and should not necessarily be considered 'green deserts' or completely dismissed by conservation biologists. Thus, although plantations often support fewer specialist species than natural ecosystems, under some conditions they can play an important role in biodiversity conservation and recuperation, particularly at the landscape level.
